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Abstract
A methodology to acquire valuable information on the chemical composition and evo-
lution of vehicular emissions is presented. The analysis of the gases is performed
by passing a constant flow of a sample gas from the tail-pipe into a 10 L multi-pass
cell. The absorption spectra within the cell are obtained using an FTIR spectrometer5
at 0.5 cm−1 resolution along a 13.1m optical path. Additionally, the total flow from the
exhaust is continuously measured from a differential pressure sensor on a Pitot tube
installed at the exit of the exhaust. This configuration aims to obtain a good speciation
capability by coadding spectra during 30 s and reporting the emission (in g/km) of key
and non-regulated pollutants, such as CO2, CO, NO, SO2, NH3, HCHO, NMHC, dur-10
ing predetermined driving routines. The advantages and disadvantages of increasing
the acquisition frequency, as well as the effect of other parameters such as spectral
resolution, cell volume and flow rate, are discussed. With the aim of testing and evalu-
ating the proposed technique, experiments were performed on a dynamometer running
FTP-75 and typical driving cycles of the Mexico City Metropolitan Area (MCMA) on a15
Toyota Prius hybrid vehicle. This car is an example of recent automotive technology
to reach the market dedicated to reduce emissions and therefore pressing the need of
low detection techniques. This study shows the potential of the proposed technique
to measure and report in real time the emissions of a large variety of pollutants, even
from a super ultra-low emission vehicle (SULEV). The emissions of HC’s, NOx, CO20
and CO2 obtained here are similar to experiments performed in other locations with
the same vehicle model. Some differences suggest that an inefficient combustion pro-
cess and type of gasoline used in the MCMA may be partly responsible for lower CO2
and higher CO and NO emission factors. Also, a fast reduction of NO emission to very
low values is observed after cold ignition, giving rise to moderate N2O and eventually25
NH3 emissions. The proposed technique provides a tool for future studies comparing
in detail the emissions of different technologies using alternative fuels and emission
control systems.
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1 Introduction
Automotive emissions are a major component in the formation of photochemical smog
in many modern cities. For example in the Mexico City Metropolitan Area (MCMA), over
99% of carbon monoxide (CO), 83% of nitrogen oxides (NOx), 20% of ammonia (NH3)
and 38% of volatile organic hydrocarbons (VOC) that are emitted to the atmosphere5
originate from mobile sources according to the local emissions inventory (GDF, 2002).
The substantial progress in automotive technology such as catalytic converters, fuel
injection systems and improved gasoline formulations has allowed for a considerable
reduction of emissions per car, but has considerably been offset by the rapid increase
in car population and use.10
One relatively recent innovation in car technology to enter the market is the gas-
electric hybrid car. It has become a realistic way of further reducing gasoline con-
sumption and lowering pollutant emissions in a considerable manner. Hybrid cars do
not loose the autonomy of conventional vehicles since they are powered by an inter-
nal combustion engine (IC) using regular gasoline and an alternating electrical syn-15
chronous motor that provide torque either in parallel or in series. A battery pack is
recharged by the IC when needed but also during deceleration or breaking while the
electric motor acts as a generator. It has been shown in comprehensive studies (NREL,
2001; EPA, 1998) on hybrid systems of TOYOTA and HONDA, that these technologies
can achieve notably high efficiencies and ultra-low emissions. The Honda Insight cer-20
tification test data show that this vehicle had emissions that were well below the ul-
tra low emission vehicle (ULEV) standard projected out to 100 000miles. In fact, the
CO, NOx and NMHC emissions were 66, 77 and 31% lower than the ULEV standards
(NREL, 2001). Only the CO emissions were below the super ultra-low emission vehi-
cles (SULEV) standard. The Toyota Prius certification test data show that this vehicle25
had emissions that were well below the SULEV emissions standards projected out to
100 000miles. EPA estimates a highest rated fuel economy of 66mpg on the highway
and 61mpg in the city for the manual transmission Honda Insight and 51 mpg on the
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highway and 60mpg in the city for the automatic Toyota Prius (EPA, 2005).
Advances like the gas-electric hybrid system to power automobiles and the growing
concern for the protection of the environment have been forcing vehicle exhaust emis-
sions to be reduced to an extremely low level with maximum achievable fuel economy.
Such a decrease in pollutant concentrations is a challenge for measuring systems and5
requires improvements in the analytical techniques as a whole, including the gas an-
alyzers and the sample handling systems (Adachi, 2000). Gaseous emissions such
as ammonia (NH3), N2O, aldehydes, aromatics, alcohols and other toxic and reactive
compounds are receiving increased attention for their impact on human health and their
potential in the formation of photochemical smog including secondary aerosols. New10
experimental methods to continuously monitor these pollutants are being developed.
The instrumental methods used to analyze these compounds are often expensive, im-
precise, and require frequent and complex calibration procedures.
FTIR (Fourier Transform Infrared) spectroscopy is now considered a valuable and
useful tool for emission analysis of vehicles due to its multicomponent analysis capa-15
bility, sensitivity and time resolution (Adachi, 2000; Durbin, 2002). It is especially well
suited for monitoring non-regulated pollutants when testing alternative fuels and newer
emission-control technologies. The FTIR technique is a well established methodology
which has been validated by several regulatory and standardization agencies for ex-
tractive gas-sampling analysis (EPA, 1998a; NIOSH, 2000; VDI, 2000; ASTM, 2002;20
CARB, 2004). It is known as a reliable, self-validating and powerful method, capable of
monitoring several gaseous pollutants simultaneously.
As opposed to the widely used constant volume sampler (CVS), the FTIR technique
does not require dilution, which in the case of ULEV or the SULEV becomes a prob-
lem since the concentrations of pollutants are more difficult to detect and monitor with25
sufficiently high-response times. The CVS systems may run into the problem that the
concentrations from the low emission vehicles may be similar to the ambient air used
for the dilution, affecting the analysis through interferences and unwanted chemical re-
actions, as is the case for some hydrocarbons and nitrogen oxides. FTIR can measure
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the raw exhaust directly. Many highly reactive species in the exhaust can be measured
by FTIR even below the part-per-million levels, replacing several discrete analyzers
which may require complicated calibration procedures.
The objective of this study was to develop a methodology to measure in real time
detailed emissions of vehicular exhausts based on FTIR spectroscopy. A particular in-5
terest was placed on evaluating emissions of regulated and non-regulated gases such
as NH3, N2O, NO, CH4, hydrocarbons (C2H2, C2H4, C2H6), formaldehyde (H2CO) and
methanol (CH3OH) as part of an ongoing project to improve the emission inventories
used in air quality models.
2 Experimental section10
The experiments were preformed using a Toyota 2002 Prius Hybrid System on a dy-
namometer facility located at the Department of Engineering (UNAM), running typical
driving cycles of the MCMA. Emission factors of the observed gases are obtained by
using the FTIR spectroscopic measurements in conjunction with exhaust flow determi-
nation from a Pitot tube installed at the tail-pipe.15
The general set-up used for vehicle exhaust analysis is depicted in Fig. 1. It consists
of a test vehicle on a chassis dynamometer, a mass flow measurement system at
the tail-pipe, a sample extraction line, a gas cell and an FTIR spectrometer. The gas
sample is drawn from a stainless steel extension tube by a probe connected to an
unheated Teflon hose (length: 2.3m, ID: 3/16 in), which is pumped at a constant flow20
of 26 liters min−1. Before entering the 10 liter gas cell, which was heated to 185◦C and
held at a constant pressure of 400mbar, the sample gas passes through a water trap
and a 0.2µm porous particle filter. The lag time between the tail-pipe and analytical
region is 3 s.
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2.1 On-line measurements of non regulated gases
The FTIR spectrometer used for the analysis is the same instrument deployed pre-
viously for the measurement of ambient air in the MCMA both in the extractive con-
figuration (Grutter, 2003a) and along a 426m open-path (Grutter, 2003b). The inter-
ferometer is a Nicolet® Nexus with a maximum unapodized resolution of 0.125 cm−1,5
which is equipped with a ZnSe beamsplitter and a N2(l) cooled MCT detector. The op-
erating spectral range is 700 to 4000 cm−1. The concentrations are retreived from the
measured spectra with a non-linear least-squares algorithm. Reference spectra are
synthetically generated from the HITRAN spectral database when available (Rothman,
2005), or from infrared libraries. In order to avoid interferences from ambient levels, a10
spectrum before and after the experiment from ventilated laboratory air was taken and
used as background.
A detailed discussion of the optimal parameters used for the analysis of exhaust
gases from vehicles by FTIR spectroscopy has been reviewed elsewhere (Adachi,
2000; Larry, 1986). Basically, the main factors to be considered are spectral reso-15
lution, scanning velocity, optical path length, cell volume and sampling flow-rate. The
first three factors define the sensitivity of the measurement while the response time will
be determined by the latter two. At lower spectral resolutions (≥1 cm−1), higher signal-
to-noise leads to lower detection limits and higher response times, whereas selectivity
will greatly be affected by interferences of other absorbing species. For this applica-20
tion, the spectral resolution, mirror velocity and integrating time were set at 0.5 cm−1,
1.9m/s and 25 s, respectively. The optical-path within the closed “White” cell was set
at 13.1m, corresponding to 16 passes, to avoid too large absorptions of certain gases.
These parameters were chosen since rather than a fast response, the intention was
to obtain good sensitivity and speciation capability. With the given cell volume and25
sample flow rate, the sample renewal time within the cell was approximately ∼20 s.
Experiments with higher response times (5 s) were also performed at lower spectral
resolutions (1.0 cm−1) but are not included in the present contribution.
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In Fig. 2a, one can observe the dependence of the relative spectral noise, calculated
as the root-mean-square (RMS) in the 2400–2500 cm−1 spectral window, with acqui-
sition time for two different spectral resolutions. The spectral noise can be related to
the sensitivity since the concentrations of the gases are retrieved from the measured
spectra by a non-linear least-squares algorithm. Similarly, the noise is plotted against5
the spectral resolution in Fig. 2b, where a fast decrease in sensitivity is observed for the
higher spectral resolutions. In our case, the 0.5 cm−1 spectral resolution was chosen
for the analysis.
2.2 Flow measurements
The mass flow rate was measured directly at the exhaust stream, although it is also10
possible to determine it from the intake flow (prior to any compressor) or after the
compressor prior to the engine. The exhaust stream is the most logical choice since
this would be a direct measurement of the stream associated with the emissions that
are being measured (Mridul, 2001). The vehicle tail-pipe was connected to a stainless
steel extension tube (length: 1.4m; ID: 2.5 in.), which was equipped with a Pitot tube at15
the center cross-section allowing for the direct measurement of the dynamic and static
pressures by means of a low-differential pressure transmitter (Cole-Parmer A068071-
18, range 0–0.62mbar) and a K-type thermo-couple. The signals where averaged and
registered with a National Instruments® card (DAQ-6035) every 1 s running under the
LabView® environment. From this information, the gas velocity within the duct and20
thus the flow rate could be calculated. A comparison and calibration of the flow rate
from the Pitot tube in the 110–1340 liter min−1 range could be performed against a
hot-wire system (Dantec. Stream Line 90N10). The plot of this procedure, presented in
Fig. 3, shows a deviation from linearity in the lower end of this range, associated with
the limited sensitivity of the Pitot tube system. Mass-flow rates for the tick-over mode,25
however, where measured independently, averaged and used where appropriate.
5779
ACPD
6, 5773–5796, 2006
Vehicular emissions
by extractive FTIR
spectroscopy
F. Reyes et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
EGU
2.3 Test vehicle
The results presented here correspond to a Toyota Prius Hybrid System (THS) model
2002, which was lent to the University by the Mexican Ministry of the Environment
(INE-SEMARNAT) for a 2-week period. This vehicle is powered by an internal combus-
tion engine (16-valve, 1.5-liter displacement, in line 4-cylinder engine) using the local5
regular unleaded gasoline PEMEX Magna (DGN-SECOFI, 1994) and an alternating
electrical synchronous motor. The electric drive is composed of a permanent mag-
net AC synchronous motor, a generator, an inverter and a nickel-metal hydride battery
pack, which is recharged during deceleration or breaking allowing it to operate as a
regular light-duty vehicle. The 2002 hybrid motor is capable of producing 58 horse-10
power at 4000 rpm. For more details on the THS the reader is advised to access more
specialized documentation (http://www.toyota.com/prius/).
2.4 Dynamometer and driving cycles
A chassis dynamometer built by the Department of Engineering of UNAM (Santiago
et al., 2000) was used for testing the emissions of the hybrid vehicle. Five driving cy-15
cles developed for different regions of Mexico City (Gonza´lez et al., 2003), followed
one after the other with a 3min pause between them, comprise the MCMA-sequence
used in these experiments. Each cycle is between 323 and 1002 s long and the en-
tire sequence is more than 1 h long. Cycles of the Federal Test Procedure (FTP-75)
were also run at the dynamometer for comparison purposes. The general parameters20
of the MCMA driving sequence, composed of 5 cycles labeled according to section
of the city (SO=south-east, CE=center, NE=north-east, NO=north-west, SE=south-
east), together with the FTP-75, are summarized in Table 1. As can be expected from
the traffic conditions in Mexico City and the reduced number of highways, the MCMA
sequence has a much lower average velocity than the FTP-75 cycle, commonly used25
in the United States for evaluating vehicular emissions.
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3 Results and discussion
The test vehicle and dynamometer were instrumented so that the following parameters
were registered during the driving sequence: velocity, rpm, torque, power, temperature
of the oil, temperatures before and after the catalytic filters, voltage and current from
the battery pack, flow and temperature at the tail-pipe. Moreover, fuel consumption and5
distance were registered before and after every driving cycle. In Fig. 4, some of these
parameters are plotted during a cold-start sequence. It can be seen by following the
revolutions-per-minute (rpm) curve that the internal-combustion engine of the hybrid
vehicle is permanently on during the first 6 to 9min when started in cold conditions, al-
though this may vary depending on the state-of-charge of the battery pack. The rpm’s,10
which were measured directly at the spark-plugs by a reflective sensor HOA1405, cor-
relate very well with the mass-flow measured at the tail-pipe by the Pitot tube.
The information acquired during the cycles, together with the concentration of var-
ious gases measured at the tail-pipe with the FTIR spectrometer, allowed for the de-
termination of emission factors either in mass units per volume of fuel consumed or15
per distance traveled. Even though the concentration of the gases increases at the
tail-pipe due to accumulation when the IC engine stops, as can be seen at ∼500 s in
Fig. 4, the calculated emissions during these events cancels out since the mass flow at
the tail-pipe is zero. These events become more frequent as the hybrid vehicle reaches
a quasi steady-state. The evolution of certain gases, as will be shown later, can also20
be followed and analyzed along specific driving conditions.
From the more that 15 MCMA-sequences run during a two week time period, only
six of these (when all instruments where funcioning properly at the same time) were
considered for calculating the emissions presented here. Three MCMA sequences at
cold-start and three at hot-start conditions, together with four FTP-75 cycles run for25
comparison purposes, are presented in Table 1. It can be observed from the table,
that there is some variability in the emissions of CO2 and CO obtained in the different
runs. This is likely to be mostly due to the difference in the battery’s state-of-charge
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of the hybrid system in each individual run. Although not shown, the repeatability in
the calculated emissions was found to be considerably better when conventional IC
vehicles were analyzed.
The average emissions from the various tests performed for the Prius 2002 vehicle
under Mexico City driving conditions are presented in Table 2. The results obtained5
during cold-start and hot-start conditions are presented separately. Only the hot-phase
from the FTP-75 corresponding to bag #3 was run for comparison purposes and is
also shown in the table. It is evident when comparing the results from the local to
the more widely used driving sequence (FTP), that the emissions of some pollutants
depend strongly on local driving patterns and habits and could have therefore an im-10
portant implication when the emission factors of mobile sources are estimated from
other locations.
A summary of the results from other studies and this work is presented in Table 3. It
can be observed from the table that the emissions from hybrid vehicles is considerably
lower than from fleets of conventional vehicles tested in different locations. In general,15
the emissions of CO2 from this study are a factor of two or more lower than from
other studies performed on the Toyota Prius vehicle in other locations, whereas the CO
emissions are 2–8 times higher. This could be indicative of a lower efficiency in the
combustion process at a high altitude location (2240m a.s.l.). NO emissions running
in the FTP hot-start cycles are also slightly higher in this evaluation when compared20
to the study performed by NREL, although here NO emissions is reported specifically
rather than NOx (NO+NO2).
Another possible explanation of the reduced emissions obtained for CO2 is that the
dynamometer used in this study did not have the inertial weights which would better
simulate the mass of the vehicle while accelerating and breaking. Rather, the rolls were25
equipped with magnetic breaks, which applied a constant force during the driving cycle.
This does not represent in reality the effect of inertia felt by the car. The magnitude of
the applied resistance was chosen according to the experience acquired from previous
studies although the vehicle could be experiencing a lower inertia in certain conditions
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from what it would feel on the road. The fuel consumption in our study, however, is fairly
similar to the ones reported for city conditions elsewhere. EPA reports 52mpg (EPA,
1998) and NREL 57.3mpg (NREL, 2001) for cold-start conditions. The consumption
results in this study were 47.8mpg during the cold-start sequence and 50.6mpg dur-
ing the hot-start sequence. Although the lack of inertial weights in this experiment5
may account for some of the reduced CO2 observed, other factors such as gasoline
composition and altitude are likely to have an important contribution. Moreover, the
considerable higher CO and NO emissions found in this study compared to NREL fol-
lowing the FTP-75 driving cycles, would suggest that these factors are affecting the
emissions for which this vehicle was designed.10
It can be observed from Tables 2 and 3 that in this study, the NH3 and CH3OH emis-
sions during the FTP-75 cycle (bag #3) are a factor of 6 and 3 lower, respectively, than
in the MCMA cycle. NO emissions, on the other hand, are almost a factor of three
lower in the MCMA cycle than during the FTP-75 cycle. Although the emissions of
these gases are lower when compared to the emissions of fleets composed of con-15
ventional vehicles, it is interesting to observe such large discrepancies when different
driving patterns are analyzed. The lower driving speeds tend to release less NO per
distance traveled but considerably more NH3 and CH3OH than when driving at higher
speeds (FTP). This has been stated elsewhere (Heeb et al., 2004) and made evident
in this study, suggesting that important uncertainties may arise when estimating the20
emission factors of mobile sources using different driving patterns from those practiced
in that location.
Figure 5 shows the evolution of NO, N2O and NH3 as the temperature of the catalytic
converter increases and reaches a specific working range. In this plot one can observe
that the emission of NO is rapidly reduced to very low values after cold ignition, giving25
rise to moderate N2O and eventually NH3 emissions. It is also evident that since the
motor of the IC engine is constantly turning on and off, like it happens after 400 s in
this particular example, the temperature within the catalytic filter is not stable and thus
never reaches a steady state in hybrid vehicles. This could be affecting the efficiency
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of the filter since it is not working steadily during normal operation. The increase of NO
and NH3 after the ∼2min cool-down observed in the plot could be a proof of this.
An important non-regulated gas emitted by cars is ammonia. It has been shown
experimentally that NH3 emissions from vehicles may be more significant than previ-
ously thought (Durbin et al., 2001; Fraser et al., 1998; Shores et al., 2000; Kean et5
al., 2000; Baum et al., 2000; Gertler et al., 2001). This could contribute to increased
levels of aerosols having health implications and playing an important role in the at-
mospheric chemistry of urban air (Finlayson-Pitts et al., 2000). It has been shown that
the large concentrations of gaseous NH3 detected in Mexico City, peaking >30 ppb
in some places, are converted to the aerosols specifically in the accumulation mode10
(Moya et al., 2004). The emissions of N2O has also been investigated and needs to
be property regulated since it is an important greenhouse gas (Berges et al., 1993;
Ballantyne et al., 1994; Michaels et al., 1998; Baronick et al., 2000) having a global
warming potential 296 times greater of that of carbon dioxide (IPCC, 2001). The global
atmospheric concentration of N2O has steadily increased 1.5 ppm/year in the past two15
decades, and is now 16 % (46 ppb) larger than before the Industrial Era (1750).
Since N2O and NH3 are primarily formed in reactions that occur on the catalyst sur-
face, their emission need to be investigated in specific atmospheric conditions and
for specific fuel types. Only the more recent emissions inventory of the Mexico City
Metropolitan Area (GDF, 2002), includes ammonia although the estimates are calcu-20
lated based on studies made on other locations rather that from measurements per-
formed locally. These estimates need to be reconsidered based on real observations
in order to determine more precisely what fraction of the total ammonia and N2O emis-
sions in the city originate from mobile sources.
4 Conclusions25
In summary, the methodology described here serves as a valuable tool to determine
car emissions of regulated and unregulated gases. In particular, it has been shown
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that it can be used to measure in real-time the emissions from a vehicles below the
ULEV standards. This study is the first of its kind reporting non-regulated emissions
of a hybrid vehicle tested in a high altitude location and using the local gasoline and
driving patterns of the MCMA. Results include the emissions of CO2, CO, CH4, NMHC,
NO, N2O, NH3, SO2, H2CO and CH3OH both for the MCMA-sequence and the FTP-5
75 (bag #3) driving cycle. This experimental set-up can be applied to the study of
vehicles with alternative fuels, like compressed natural gas (CNG), liquefied petroleum
gas (LPG), alcohol blends with Diesel and bio-Diesel. With no doubt, in the coming
years the spectroscopic techniques will further develop to satisfy the demands of the
automotive industry to accurately measure the exhausts gases of newer vehicles with10
higher efficiencies and lower emissions. Furthermore, the detailed and on-line analysis
of the composition of the exhaust gases can be used on investigations related to the
optimization of emission control systems, as shown above.
Further work will follow to further optimize the parameter of the analytical method
depending on the application. There is a strong need to evaluate the emissions in on-15
road conditions, which together with GPS data, will serve to reproduce and compare
the evaluations done over the dynamometer platform. The data acquired for specific
rpm and torque will be used by the Advisor software (NREL Advisor, 2002), which
will be capable of simulating the emissions of any given route for a specific type of
vehicle. This information can be extrapolated for a given fleet so that the emissions20
inventories due to mobile sources could be improved significantly for the MCMA or any
given region.
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Table 1. General information of the driving cycles used in this study with the emission results for
CO2 and CO for 6 experiments running the Mexico City Metropolitan Area (MCMA) sequence.
Four FTP-75 runs under hot conditions (Bag 3) are also shown.
Sequence Cycle Duration Dist. Vmax Vavg CO2 (g/Km) CO (g/Km)
s Km Km/h Km/h Expt Expt Expt Expt Expt Expt Expt Expt
1 2 3 4 1 2 3 4
SO 1002 4.803 71.2 19.2 96.0 69.4 75.1 1.55 1.33 1.13
CE 542 2.334 64.6 17.4 29.0 34.1 52.7 0.31 0.33 0.62
MCMA Cold NE 1002 5.038 66.4 20.7 49.5 50.4 47.9 0.86 1.01 1.03
NO 1002 2.724 80.1 11.1 35.5 26.8 46.3 0.53 0.36 0.58
SE 323 1.429 49.1 18.0 66.9 35.8 40.5 0.89 0.57 0.41
SO 1002 4.803 71.2 19.2 41.1 46.9 52.8 0.67 0.97 0.93
CE 542 2.334 64.6 17.4 38.1 32.3 30.0 0.56 0.49 0.25
MCMA Hot NE 1002 5.038 66.4 20.7 41.8 49.1 44.9 0.73 0.90 0.58
NO 1002 2.724 80.1 11.1 31.0 32.8 48.8 0.53 0.46 0.85
SE 323 1.429 49.1 18.0 45.0 27.1 45.8 0.50 0.33 0.48
FTP-75 Bag 3 505 5.727 92.5 45.2 55.3 43.0 50.5 43.3 0.79 0.45 0.63 0.55
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Table 2. Emission results of the Toyota Prius 2002 tested on a dynamometer under typical
Mexico City conditions and during the hot FTP-75 cycle (Bag 3). The standard deviation from
all test considered are given in brackets.
Emissions MCMA cold-start MCMA hot-start FTP hot-start
sequence sequence phase
CO2 (g/km) 50.4 (19.2) 40.5 (8.1) 48.0 (6.0)
CO (g/km) 0.8 (0.4) 0.6 (0.2) 0.60 (0.1)
NH3 (mg/km) 9.4 (3.2) 8.8 (3.0) 1.56 (1.0)
CH4 (mg/km) 6.7 (3.1) 5.2 (1.2) 3.73 (1.1)
CH3OH (mg/km) 6.7 (2.2) 6.2 (2.0) 1.51 (0.9)
NMHC (mg/km) 5.7 (3.9) 4.1 (1.9) 4.09 (1.5)
N2O (mg/km) 2.7 (2.4) 2.7 (2.7) 2.59 (1.7)
NO (mg/km) 1.6 (1.4) 1.7 (1.1) 2.83 (0.9)
SO2 (mg/km) 1.4 (0.6) 1.3 (0.5) 1.03 (0.4)
H2CO (mg/km) 0.05 (0.02) 0.06 (0.02) 0.07 (0.03)
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Table 3. Comparison of emission results of other studies with this work.
Emissions CO2 CO NMHC NO N2O NH3
g/km g/km g/km mg/km mg/km mg/km
Fleet, 39-vehicle, FTPa) – 4.31 0.258 358g) – 34
Fleet, ages 1993–1995b) – 2.11 0.250 620 – –
Prius, FTP, EPAc) 110.0 0.27 0.035 32g) – –
Prius, FTP, NRELd) 98.2 0.07 0.006 1.9g) – –
Prius, FTP, Mexicoe) 49.2 0.62 0.005 3.22 1.3 1.5
Prius, MCMA, Mexicof) 44.0 0.70 0.005 1.16 1.3 9.2
a) (Durbin et al., 2001) average age 1996
b) On-road measurements by Bishop (1997) in Monterrey, Mexico
c) (EPA, 1998), all 4 bags weighted
d) (NREL, 2001), all 4 bags weighted
e) This work, FTP-75, Hot-start phase (Bag #3 only)
f) This work, hot-start sequence
g) NOx is reported rather than NO
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Figure 1. Schematic diagram of the exhaust analysis system composed of a flow measurement 
tube, a sample line, water extraction valve, filters, gas cell and FTIR spectrometer.  
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Fig. 1. Schematic diagram of the exhaust analysi system composed of a flow measurement
tube, a sample line, water extraction valve, filters, gas cell and FTIR spectrometer.
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Figure 2. a) Spectral noise expressed as the root-mean-square (RMS) in the region 2400 – 
2500 cm-1 as a function of  acquisition time for 0.5 and 1.0 cm-1 resolutions. b) Spectral noise 
versus spectral resolution keeping the acquisition time constant. 
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Fig. 2. (a) Spectral noise expressed as the root-mean-square (RMS) in the region 2400–
2500 cm−1 as a function of acquisition time for 0.5 and 1.0 cm−1 resolutions. (b) Spectral noise
versus spectral resolutio keeping the acquisition time con tant.
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Figure 3. Calibration curve of the tail-pipe flow rate measured continuously with Pitot tube 
against a hot-wire system. 
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Fig. 3. Calibration curve of the tail-pipe flow rate measured continuously with Pitot tube against
a hot-wire system.
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Figure 4. Example of some of the parameters registered from the Toyota Prius during the first 
2500 s of the MCMA-driving sequence. This section corresponds to the first three cycles (SO, 
CE and part of NE) run during the cold-start phase. 
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Fig. 4. Example of some of the parameters registered from the Toyota Prius during the first
2500 s of the MCMA-driving sequenc . This ectio responds to the first thre cycles (SO,
CE and part of NE) run during the cold-start phase.
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Figure 5. Evolution of the gas concentrations at the tail-pipe of the Toyota Prius for NO, 
N2Ο ανδ ΝΗ3 (in µg/m3) after cold-start of the first 700 s of the MCMA driving sequence 
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Fig. 5. Evol tion of the gas concentrations at th tail-pipe of the Toyota Prius for NO, N2O nd
NH3 (in µg/m
3) after cold-start of the first 700 s of the MCMA driving sequence.
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